Dopamine can induce fascinating, complex human behavioral states, including disinhibition, euphoria, or elaborate stereotypies, whereas dopamine deficiency can cause anxiety or sadness. Limited data suggest that these phenomena may involve dysfunction of orbital frontal cortex, cingulate cortex, or ventral striatum. The dopamine D3 receptor (D3R) has an anatomic distribution that suggests it could mediate these effects, but almost no data directly demonstrate the regional functional effects of D3R activation. We used quantitative positron emission tomography (PET), [ 15 O]water, and the D3-preferring dopamine agonist pramipexole to identify D3-mediated regional cerebral blood flow (rCBF) responses in living primates. We studied seven normal baboons ventilated with 70% nitrous oxide, and analyzed results voxelwise in a common atlas space. At clinically relevant doses, pramipexole produced statistically robust decreases in rCBF in bilateral orbitofrontal cortex, thalamus, operculum, posterior and anterior (subgenual) cingulate cortex, and insula (in decreasing order of significance). Cortical areas related to movement were relatively unaffected, and rCBF did not change in cerebellum or visual cortex. The doseresponse curve and duration of pramipexole's effects suggest that these rCBF responses indicate functional effects of a D3-preferring agonist. A D2-preferring agonist studied under the same conditions produced a quantitatively different pattern of responses. We conclude that a dopamine D3 receptor agonist preferentially affects brain activity in prefrontal and limbic cortex, and speculate that dopamine's effects on these regions via D3Rs may mediate some of the known psychiatric complications of dopamine deficiency or excess.
T he neurotransmitter dopamine is important for many normal brain functions, including movement and higher-level functions such as motivation, reward, working memory, and addiction (1) (2) (3) (4) . Dopamine deficiency leads not only to parkinsonian motor signs but also to anxiety, impaired cognition, or depressed mood (5-7). Conversely, excessive dopaminergic stimulation also causes abnormal emotion and behavior, including euphoria, disinhibition, or repetitive stereotyped movements (7) (8) (9) (10) . Limited neuroimaging data and lesion studies suggest that dysfunction of orbital frontal cortex, cingulate cortex, or ventral striatum may produce these fascinating phenomena (11, 12) .
Given these observations, the discovery of dopamine D3 receptors (D3Rs) and their anatomic localization to brain regions associated with limbic and prefrontal cortex stimulated great scientific interest (13, 14) . These regions include ventral pallidum, amygdala, ventral tegmental area, the islands of Calleja, and striatal striosomes (15, 16) . This anatomy makes plausible the hypothesis that activating D3Rs may preferentially affect the limbic or prefrontal cortical regions previously implicated in dopamine-influenced complex behavior. However, an agonist applied to a receptor in one brain region (e.g., putamen) can affect neuronal function in remote brain regions (e.g., motor cortex), and no published studies have directly tested which parts of the brain are most affected by activation of D3Rs (17, 18, ** ).
We have now addressed this question directly, by using positron emission tomography (PET) blood flow measurements and the D3-preferring dopamine agonist pramipexole to measure D3R-mediated effects on regional brain activity. This approach has identified regional effects of other dopamine agonists or levodopa in humans and nonhuman primates (19, 20 , † †, [22] [23] [24] [25] . Such studies reveal changes in regional neuronal (and glial) activity rather than direct vascular effects on blood flow, and are sensitive to important functional changes induced by lesions or treatment (reviewed in refs. 20, 22, and 24) . Mapping agonist-induced effects also can identify and prioritize brain regions for future electrophysiological study. The goal of the present study was to determine which areas of the primate brain respond to D3R activation.
Methods Study Protocol.
With the prior approval of the Washington University Animal Studies Committee, we performed nine PET studies in seven normal baboons sedated with 70% inhaled N 2 O and 30% O 2 . Each study included triplicate measurements of regional cerebral blood flow (rCBF) at baseline and again Ϸ15-45 min after each of three i.v. doses of pramipexole (5, 50, and 500 g͞kg) for a total of 97 CBF scans (the 5 g͞kg dose was skipped in one study and the 50 g͞kg dose was skipped in another). These doses were chosen to bracket the putative antiparkinsonian dose (see Pharmacologic Challenge). Scans were performed in a quiet room with the animal's eyes covered. Using the same protocol, but withholding the dopamine agonist, we performed 48 control rCBF measurements in three baboons. Further details of animal preparation, experimental setup, and the rationale for the choice of sedative are given elsewhere (22) .
Pharmacologic Challenge. Pramipexole is a nonergot dopamine agonist with marked selectivity for D2-like (D2, D3, D4) over D1-like receptors and a 5-to 10-fold preference for D3Rs over D2 or D4 receptors (K i reported as D1͞D5, Ͼ1000 nM; D2, 7.5 nM; D3, 0.9 nM; D4, 9.1 nM; ␣2-adrenergic, 188 nM) (26) (27) (28) . Pramipexole is effective in treating parkinsonism and also has antidepressant activity (29) . The reported ED 50 for antiparkinsonian effect in rhesus monkeys is 45 g͞kg i.m., an observation that prompted our choice of doses (27) . In monkeys, pramipexole inhibited haloperidol-induced dystonia at 116 g͞kg i.m (30) . In rats, 66 g͞kg i.v. was the ED 50 for suppression of neuronal firing in dopaminergic neurons in pars compacta of substantia nigra. ‡ ‡ For comparison, the recommended daily dose for patients with Parkinson's disease is Ϸ20-60 g͞kg. The elimination half-life is Ϸ12 h. PET Image Acquisition. PET studies were performed on a Siemens (Iselin, NJ) 953B scanner in 2D wobble mode. CBF was measured by using arterial sampling and a 40-s emission scan after the i.v. bolus injection of 20-50 mCi (1 Ci ϭ 37 GBq) 15 O-labeled water. This method has been validated and applied in baboons (22, 24, 25, (31) (32) (33) .
Initial Processing of PET Images. PET images were reconstructed, smoothed to a final resolution of Ϸ8 mm, and transformed to a common atlas space as described (22, 24, 34) .
Absolute CBF. Absolute CBF was quantified in all pramipexole studies and two of the control studies, by using arterial blood sampling and published methods (31) (32) (33) . The brain region used for whole-brain CBF determination was defined by the baboon brain mask image available at http:͞͞purl.org͞net͞kbmd͞b2k.
Global Glucose Metabolism. One normal baboon was studied twice, 6 wk apart, by using PET and [ Animal preparation, the PET camera, and image reconstruction methods were as described above. For one study, 50 g͞kg pramipexole was infused i.v., followed 15 min later by i.v. infusion of 10 mCi FDG. Sequential PET images, initially 10 s and increasing to 4 min in length, were acquired for 72 min. Arterial blood was sampled at increasing intervals from 3-4 s at the beginning of the scan to 15 min at the end, and 0.5-cc aliquots were counted in a well counter that had been calibrated to a known source. Serum glucose was measured on arterial samples at 0, 5, and 75 min after FDG injection. The control study used the same protocol, except that pramipexole was not given and the FDG dose was 21 mCi. Tissue activity curves were generated from the same whole-brain region of interest used for wholebrain CBF. The whole-brain metabolic rate of glucose was calculated from these data as (plasma glucose concentration͞ lumped constant) ⅐ k 1 ⅐ k 3 ͞(k 2 ϩ k 3 ) after numerical estimation of rate constants k 1 Ϫ k 3 in a tracer kinetic model of FDG metabolism (35) . Assumed values were used for k 4 , blood volume fraction, and the lumped constant (36) . The kinetic model fit the observed data well, with estimated errors in k 1 Ϫ k 3 of only 2.9-6.8%.
Statistical Methods. Quantification of CBF using arterial sampling was necessary to test whether pramipexole caused global effects on brain CBF. Quantification was also necessary for physiological interpretation of any regional responses.
However, for regional analysis of the PET data, we wanted to identify brain regions most affected by pramipexole. For this purpose, we used normalized PET counts, which are linearly related within a given scan to rCBF (37) . This approach allows us to include more data (because arterial sampling was not possible for some scans) and reduces noise because quantification of absolute CBF includes several additional measurement steps.
All 185,479 voxels within the brain mask were analyzed (Ϸ185 ml). At each voxel, we used SPM99 (www.fil.ion.ucl.ac.uk͞spm͞ spm99.html) to fit a general linear model that included an additive subject effect to account for differences in response between animals. Each scan was included, with the 3 scans at each dose treated as a repeated measure. Because we did not know a priori the shape of the dose-rCBF-response curve, the primary contrast for identifying regional responses compared the baseline scans to the scans after the highest dose of pramipexole (500 g͞kg; ref. 24) . A drug Ϫ baseline or baseline Ϫ drug contrast produced a voxelwise test statistic corresponding roughly to a paired t test. An initial magnitude threshold corresponding to P Ͻ 0.001 was applied to this t image, and SPM99 then corrected for multiple comparisons by computing the probability that each contiguous cluster of voxels attaining this magnitude would have occurred by chance, given the spatial extent of the activated region. Regional activations were considered significant with a corrected probability of P Ͻ 0.05. This correction has been validated by using simulations (38, 39) . Within a significant cluster, we report local maxima of the t image that are separated by at least 8 mm (''peaks''). Amplitude and time-course data for selected peaks were computed based on an 8-mm-diameter spherical region of interest centered on the peak coordinate reported by SPM99.
Results
Whole-Brain Effects. Whole-brain mean blood flow decreased in a dose-related fashion after administration of pramipexole (ANOVA, F 3,18 ϭ 4.68, P Ͻ 0.02). Mean Ϯ SD blood flow at baseline and after 5, 50, and 500 g͞kg pramipexole i. , respectively, for a maximal change of Ϫ23% at the intermediate dose. The most significant change occurred between the 5 g͞kg dose and the two higher doses (post hoc t tests, P Ͻ 0.04). Global CBF did not decrease in the control studies in which no pramipexole was given. In the animal studied once before and once after 50 g͞kg pramipexole i.v., whole-brain FDG metabolism decreased by 16%, from 4.96 to 4.16 mg⅐min Ϫ1 ⅐dl
Ϫ1
. rCBF. After administration of 500 g͞kg pramipexole i.v., cerebral blood flow decreased disproportionately, relative to the rest of the brain, in a large contiguous voxel cluster including orbitofrontal and cingulate cortex and thalamus (17,118 voxels, corrected P Ͻ Ͻ 0.0001; see Table 1 and Fig. 1) . Only a few voxels in caudate, putamen, or globus pallidus fell within the activated cluster. In regions of interest centered on peaks in this cluster, there were pharmacologically reasonable dose-response curves, and for each region the largest incremental change in rCBF occurred at the reported antiparkinsonian dose of 50 g͞kg (Fig.  2) . Consistent with the long half-life of pramipexole, these regional CBF decreases after drug did not wane perceptibly over the 45-60 min after administration of pramipexole (Fig. 3) .
Two contiguous clusters of relative increases in regional CBF were identified (4,445 and 33,873 voxels, each with corrected P Ͻ Ͻ 0.0001); these clusters included the temporal poles, cerebellum, and visual cortex (Fig. 4) . However, absolute regional CBF in these areas showed no change (Fig. 5) , indicating that these areas were not truly activated but were simply spared from the widespread CBF decrease induced by pramipexole.
Discussion
The D3-preferring dopamine agonist pramipexole caused significant rCBF changes in orbital frontal cortex, thalamus, cingulate gyrus, and insula. Primary motor cortex was less affected, and there was no change in rCBF in areas, such as visual cortex, that have few dopamine-influenced afferents. These results are consistent with the known efferent connections of D3R-rich brain regions.
Pramipexole may alter neuronal activity in orbital and subgenual cortex through several neuroanatomic pathways. D3Rs are concentrated in the rostral ventromedial striatum, including the nucleus accumbens and adjacent parts of the putamen and caudate (16) . These neurons send GABAergic fibers to the ventral pallidum and rostral globus pallidus (40) . There are also D3Rs in these pallidal areas, possibly on axons of striatal neurons (16) . Inhibitory projections from the rostral and ventral pallidum extend to the medial part of the mediodorsal thalamic nucleus (41) , which interacts reciprocally with the ventromedial frontal cortex (42) . This cortical area projects back to rostral ventromedial striatum (43) to complete a striato-pallido-thalamocortical circuit (44) . This striatal region also receives afferents from other limbic areas, including amygdala and hippocampus; thus, pramipexole may indirectly influence prefrontal and limbic activity through D3Rs in basal forebrain nuclei or the central nucleus of the amygdala.
The greatest response to pramipexole occurred in orbitofrontal cortex. Case studies since Phineas Gage have linked lesions in orbitofrontal cortex with behavioral disinhibition and loss of social constraint (11, 12) . Recent studies suggest that these lesions may disrupt visceral and emotional responses to the environment that help humans predict consequences and make decisions (44 -47) . Orbitofrontal cortex lesions can also produce a manic syndrome, with euphoria, irritability, agitation, and sleeplessness in addition to disinhibition (reviewed in ref. 48 ). All these behavioral and emotional changes may also be seen during intoxication with amphetamine or cocaine, or in other hyperdopaminergic states (7-9, 48). We now provide functional anatomic evidence that links these two different observations, and we speculate that behavioral disinhibition observed with dopaminomimetic agents may be mediated in part by an inhibitory inf luence of D3R activation on orbitofrontal cortex.
Similarly, either stimulant drugs or dopaminomimetic treatment for Parkinson's disease can cause repetitive, senseless, complex behavior referred to as ''punding'' (10) . This behavior may be analogous to the stereotypies that stimulants can cause in rodents. In humans, orbitofrontal insults can cause senseless complex movements, including automatic imitation of others' actions (12) . Punding also resembles, to a degree, the repetitive complex behavior of obsessive-compulsive disorder. In this disorder, there is excessive orbitofrontal metabolism that is reduced by successful treatment with either medications or Most significant local maxima (34) , separated by Ͼ8 mm, in the region identified by SPM as showing a significant decrease in rCBF with 500 g͞kg pramipexole i.v. after accounting for global effects. Voxel T, the t value computed at the given voxel; voxel P (unc), the P value corresponding to voxel T (87 d.f.) before correction for multiple comparisons; LP͞VLP, lateral posterior nucleus͞ventral lateral nucleus, pars postrema; ⌬rCBF, mean change in rCBF from baseline in an 8-mm-diameter spherical region centered at the given coordinates. cortex, atlas (1, 32, 12) . Fig. 2 . rCBF, right orbitofrontal prefrontal cortex. Dose-response curve for a region of interest centered at atlas (13, 36, 15) , the voxel with the most significant rCBF decrease after 500 g͞kg pramipexole i.v. (mean Ϯ SD).
behavior therapy (49) . Based on these observations and our results, we posit that dopaminergic effects on orbitofrontal cortex via D3Rs may in part cause punding and other complex dopamine-induced stereotypies.
The cingulate cortex response to pramipexole (Fig. 1C ) may provide a functional basis for studies linking anxiety and depression with dopamine (7, 8, 29, 48, (50) (51) (52) and cingulate cortex (53) (54) (55) . Patients with major depression have decreased rCBF, metabolism, and volume of subgenual anterior cingulate cortex (54, 56) , and postmortem studies in depressed patients show loss of glia in this region (57) . Anterior cingulate cortex is innervated by thalamic neurons that are influenced by ventral striatum (58, 59) , and dopamine release in the D3R-rich ventral striatum correlates with amphetamine-induced euphoria (60) . Major depression and transient sadness in normal volunteers also affect metabolism in the posterior portion of cingulate cortex (53, 54) . Levodopa-induced rCBF responses in posterior cingulate are abnormal in a mood disorder that is clearly related to dopamine, namely dose-related mood fluctuations in Parkinson's disease (7, § §). D3 or other D2-like receptors may mediate this abnormal response, because levodopa causes a decrease in posterior cingulate rCBF in baboons as well as people, and pramipexole, but not a D1 agonist, replicates this effect (24, 25) . Given these relationships, D3Rs in neuronal circuits that innervate cingulate cortex may mediate, at least in part, known dopaminergic effects on mood.
Regarding the other significant regional activations, the thalamus can be directly or indirectly affected by dopamine, and various thalamic nuclei participate in cortical-striatal circuits (12) . Therefore it is not surprising that a dopamine agonist alters flow in the thalamus. However, it would be interesting to determine whether Parkinson's disease patients with treatmentinduced dyskinesias, who have an altered thalamic blood flow response to levodopa (23) , also have an abnormal thalamic response to this D3-preferring dopamine agonist. Other neuroimaging studies have demonstrated dopaminergic influences on superior temporal gyrus (reviewed in ref. 24) .
Striatal and pallidal neurons are presumably involved in mediating the cortical and thalamic responses to pramipexole, and it may at first seem curious that our analysis did not identify peak changes within these nuclei. However, there are several likely explanations. We might not expect to see changes in striatal blood flow, because altered neuronal firing correlates better with metabolic changes observed in axon termini than in cell bodies (62) (63) (64) . Second, partial volume averaging disproportionally reduces the peak magnitude of the PET signal in small regions. For instance, the external segment of globus pallidus is small relative to the resolution of PET, and rCBF changes in this nucleus could be overshadowed by changes in nearby structures. Parenthetically, most human brain mapping PET studies have been done at image resolutions that raise similar issues. Third, we studied normal animals; in rodent studies, the subcortical responses to DA agonists are much smaller in magnitude in normal animals than in lesioned animals. Alternatively, a larger sample might be required to demonstrate statistical significance in these nuclei.
Our results highlight a methodological strength of this study. Many functional neuroimaging studies use techniques that do not permit quantitative measurements, but rely on qualitative analyses for describing regional changes in CBF. Qualitative analysis is appropriate when there is no global shift in blood flow, but pramipexole substantially affects average brain CBF and renders that simplification inappropriate. If we had used qualitative methods, we might have concluded erroneously that the apparent regional "increases" identified by SPM99 (Fig. 4) represented areas of maximal brain response to pramipexole when in fact they represent areas of minimal response ( . 3 . Change in regional CBF over time, region of maximal decrease (prefrontal cortex). Regional CBF changes after 500 g͞kg pramipexole i.v. persist over the time interval observed. Each point corresponds to one PET scan. Data are from the region of interest described in Fig. 1 A and B and Fig. 2 . global decreases in brain metabolism (65) and dopaminergic therapy can cause sleepiness (66) (67) (68) .
Aside from quantification, another virtue of rCBF PET is the ability to simultaneously survey the entire living brain for areas most sensitive to pramipexole. However, this neuroimaging technique has limitations and cannot address other crucial questions. For instance, decreased regional metabolism and blood flow may reflect decreased firing either of inhibitory or of excitatory neurons (64, 69) , or a change in firing pattern such as reduced bursting (21) . Furthermore, sedation needed for these baboon studies may change the sign of rCBF responses to dopamine agonists (25) . Therefore, from our study alone, we cannot identify the electrophysiological mechanisms underlying pramipexole's effects, but we can confidently identify regional responses to pramipexole (as listed in Table 1 ). Thus, our neuroimaging approach identifies the functional anatomy needed to guide subsequent physiological investigations. Several of the brain regions we identified have been heretofore studied only sparingly in regards to dopamine-mediated brain function.
The specificity and generalizability of our results are limited by the choice of drug and species. Pramipexole (like all other known D3-preferring dopamine agonists) has limited selectivity for the D3R compared with the D2 receptor (26) . To address this point, we reanalyzed data obtained with the same methods in the same seven baboons, using the relatively D2-selective agonist U91356a (22, 26) . This drug has K i of D1, Ͼ1000 nM; D2, 1.3 nM; D3, 32 nM; D4, 195 nM; and serotonin 5HT1A, 58 nM; so that the D2:D3 ratio is 1:25, or 200-fold lower than pramipexole's 8:1 ratio (61). In monkeys, the antiparkinsonian dose of U91356a is 10-30 g͞kg͞day s.c., and the ED 50 in rats for inhibition of substantia nigra dopaminergic neurons is 32 g͞kg i.v. ‡ ‡ ¶ ¶ Comparing doses of two drugs is difficult, but, in both these models, U91356a is more potent than pramipexole. We used U91356a doses of 1-2 g͞kg, 10-22 g͞kg (intended to approximate the antiparkinsonian dose), and 100-220 g͞kg i.v. At the 100-220 g͞kg dose, the three most significant rCBF decreases are in thalamus, medial parietal cortex, and thalamus (not prefrontal cortex). The dose-response curves in orbital cortex show pramipexole to be more potent at depressing rCBF, although specificity is lost at higher doses (Fig. 6) . It seems that, at antiparkinsonian doses, orbitofrontal cortex is much more sensitive to pramipexole than to a D2-preferring agonist, suggesting that the response in orbital frontal cortex is mediated at least in large part by D3Rs.
Pramipexole was not available for human use when this study began. Pharmacologic activation imaging in nonhuman primates with selective experimental drugs like pramipexole may help clarify the human pharmacology of functional responses to approved drugs like levodopa. Having defined the quantitative regional effects of pramipexole in this primate model, future studies may focus on human conditions with hypothesized abnormalities in dopaminergic function, such as drug abuse, schizophrenia, dystonia, or Tourette syndrome. 6 . Change in rCBF at three dose levels of a D3-preferring agonist (pramipexole, open circles and solid line) and a D2-preferring agonist (U91356a, filled squares and dashed line). Pramipexole doses were 5, 50, and 500 g͞kg, and U91356a doses were 1-2, 10 -22, and 100 -220 g͞kg. For both drugs, the doses were chosen a priori so that the intermediate dose approximated the reported antiparkinsonian dose in monkeys.
